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Abstract
Methanogenesis from main methane precursors H2/CO2 and acetate was investi-
gated in a temperature range of 2–70 1C using sediments from Lake Baldegg,
Switzerland. Psychrophilic, psychrotrophic, mesophilic, and thermophilic metha-
nogenic microbial communities were enriched by incubations for 1–3 months of
nonamended sediment slurries at 5, 15, 30, and 50 1C. Isotope experiments with
slurries amended with 14C-labeled bicarbonate and 14C-2-acetate showed that in
the psychrophilic community (enriched at 5 1C), about 95% of methane originated
from acetate, in contrast to the thermophilic community (50 1C) where up to 98%
of methane was formed from bicarbonate. In the mesophilic community (30 1C),
acetate was the precursor of about 80% of the methane produced. When the
hydrogen–carbon dioxide mixture (H2/CO2) was used as a substrate, it was directly
converted to methane under thermophilic conditions (70 and 50 1C). Under
mesophilic conditions (30 1C), both pathways, hydrogenotrophic and acetoclastic,
were observed. At low temperatures (5 and 15 1C), H2/CO2 was converted into
methane by a two-step process; first acetate was formed, followed by methane
production from acetate. When slurries were incubated at high partial pressures
of H2/CO2, the high concentrations of acetate produced of more than 20 mM
inhibited acetoclastic methanogenesis at a temperature below 15 1C. However,
slow adaptation of the psychrophilic microbial community to high acetate
concentrations was observed.
Introduction
Profundal sediments of deep stratified lakes are permanent
low-temperature environments. The major electron accep-
tor present for the biological oxidation of organic matter in
the anoxic sediments of these lakes is carbon dioxide,
leading to the production of methane. Methanogenesis at
low temperatures in different lake sediments has repeatedly
been shown to occur (Zeikus & Winfrey, 1976; Zehnder &
Brock, 1980; Kelly & Chynoweth, 1981; Jones et al., 1982;
Conrad et al., 1989; Nozhevnikova et al., 1997, 2003; Zepp-
Falz et al., 1999; Casper et al., 2003). Strong evidence that
specific psychrophilic methanogenic communities exist in
profundal lake sediments was provided recently (Nozhevni-
kova et al., 2003). Nevertheless, these sediments represent
a unique natural reservoir of different kinds of anaerobic
microorganisms because sediment slurries incubated at
different temperatures produced methane in a temperature
range of 2–70 1C (Nozhevnikova et al., 1997, 2003).
Acetate has been proposed to be a major methane
precursor under low-temperature conditions based on dif-
ferent experimental evidence (Kuivila et al., 1989; Kotsyur-
benko et al., 1993; Thebrath et al., 1993; Schulz & Conrad,
1996; Nozhevnikova et al., 1997; Schulz et al., 1997; Zepp-
Falz et al., 1999; Nu¨sslein et al., 2001; Glissmann et al.,
2004). The prevalence of acetogenic bacteria in hydrogen
consumption at a low temperature was shown in different
cold environments, and several psychrophilic acetogenic
bacteria were isolated from these environments (Jones &
Simon, 1985; Conrad et al., 1989; Kotsyurbenko et al., 1993,
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1995, 1996, 2001; Ku¨sel & Drake, 1995; Simankova et al.,
2000). Surprisingly, the only psychrophilic and psychro-
trophic methanogens that have been isolated so far are
hydrogenophilic ones (Franzmann et al., 1992, 1997; Siman-
kova et al., 2001, 2003). A few studies contradict the finding
of acetate as a major methane precursor and acetogenesis as
the prevailing hydrogen-consuming process in lake sedi-
ments (Jones et al., 1982; Namsaraev et al., 1995; Murase &
Sugimoto, 2001). As a consequence, the question on the
exact quantitative role of hydrogenotrophic and aceto-
trophic methanogenesis in cold freshwater habitats is not
yet fully answered.
It is also not yet well known how temperature influences
the pathways of methane production in different methano-
genic ecosystems. A shift from acetoclastic to hydrogeno-
trophic methanogenesis with temperature increase has been
observed in anoxic rice soil (Chin & Conrad, 1995; Chin
et al., 1999; Fey & Conrad, 2000, 2003; Fay et al., 2001, 2004;
Conrad et al., 2002), and with lake sediments (Schulz et al.,
1997; Nu¨sslein & Conrad, 2000; Glissmann et al., 2004). The
shift in incubation temperature has led to a change in the
composition of the microbial community in rice field soil
(Chin et al., 1999; Fey & Conrad, 2000), but not in lake
sediments (Glissmann et al., 2004). Much less is known
about the influence of main methane precursor concentra-
tions on the rate of methanogenesis at different tempera-
tures. Half-saturation constants (Ks) of acetate methanation
have been reported to increase at a low temperature (Lin
et al., 1987), whereas the half-saturation constant (KM) of
acetate uptake has been found to decrease (Westermann
et al., 1989). A modeling study of H2/CO2 and acetate
conversion to methane by sediment samples at a low
temperature has indicated a negative effect of increasing
acetate concentrations on methanogenesis (Lokshina et al.,
2001). An adaptation of microbial communities to high
substrate concentrations is crucial in anaerobic treatment
of wastewater at a low temperature (Lettinga et al., 1999).
In the present study, methanogenesis was investigated
from the main methane precursors H2/CO2 and acetate by
microbial communities of deep lake sediments enriched at
different temperatures in a range from 5 to 50 1C. The goal
was to assess the input of methanogenesis derived from
H2/CO2 and acetate in nonamended sediment slurries and
to investigate the influence of increasing initial H2/CO2 and
acetate concentrations on methane production.
Materials and methods
Study site, sampling, slurry preparation, and
enrichment
Sediment samples were collected from Lake Baldegg at
maximum depth (66 m) with a gravity corer (Kelts et al.,
1986). The lake is situated in central Switzerland in an area
with intensive agriculture. Lake Baldegg had an anoxic
hypolimnion for almost 100 years until aeration started in
1982. The sediment, however, is still anoxic (Lotter, 1989).
Sediment cores were immediately closed with rubber stop-
pers, transported to the laboratory in cool boxes and
subsequently sampled in the cold room at 6 1C in a glove
box under a nitrogen atmosphere. The upper 2 cm of
crumbly sediments were cut out and 2–50 cm of the each
sediment core was taken, diluted two times with anaerobic
mineral medium, and thoroughly mixed. The dilution
medium contained (mg L1): NH4Cl (330); MgCl2  6H2O
(500); CaCl2 (168); KCl (330); KH2PO4 (330); and NaHCO3
(500). Sodium sulfide (0.5 g L1) was added as a reducing
agent. The final pH of the medium was 7.3, and 7.0 for the
slurry. The absolute dry mass (ADM) in the slurries was
about 170 mg mL1, and the organic carbon content was
20 mg g1 ADM. The sediment slurries were stored in 1 L
bottles at 5 1C or directly distributed into smaller serum
bottles for incubation experiments. The temperature of
sediments in the lake was constant, about 5 1C all year
around, and the active microbial community was psychro-
philic (Nozhevnikova et al., 2003). To enrich psychro-
trophic, mesophilic, and thermophilic microbial
communities, 1 L bottles were maintained at 5 and 15 1C
for 3 months, 1 12 months at 30 1C, and 1 month at 50 1C.
During these periods of incubation, about 1–4 mmol L1 of
methane was produced at the temperatures tested. Enriched
slurries were used for incubation and isotope experiments.
Incubation experiments
Aliquots of 20 or 25 mL of sediment slurry were transferred
into 50 or 120 mL serum bottles. The bottles were closed
with butyl rubber stoppers and aluminum caps, and the gas
phase was exchanged by several cycles of applying a vacuum
and refilling with oxygen-free N2. No substrate was added
when endogenous methanogenesis was studied. When acet-
otrophic methanogenesis was studied, acetate was added
from sterile stock solutions up to the final concentrations
needed, from 2 to 100 mM. To study methanogenesis from
hydrogen and carbon dioxide, the N2 gas phase was replaced
by H2/CO2 (4/1; v/v; 1.5 bar). The initial concentrations of
hydrogen were established from 150 to 440 mmol L1 using
the serum bottles of different sizes and different volumes of
sediment slurries. If methanogenesis needed to be inhibited,
bromoethanesulfonic acid (BES) was added to a final
concentration of 30 mM. The sediment samples were in-
cubated statically at different temperatures from 2 to 70 1C.
All experiments were conducted in triplicate. The methane
produced was measured usually every 2–5 days during the
first month of incubation and one to two times a month in
long-term experiments.
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Chemical analysis
The production of methane was measured on a gas chroma-
tograph (HRGC 51 60, Carlo Erba, Milano, Italy) equipped
with a flame ionization detector (FID-40, Carlo Erba) and a
megabore GS-Q column (J. & W. Scientific, Folsom) with a
length of 30 m. Hydrogen was used as the carrier gas, with a
flow rate of 4 mL min1 at a temperature of 40 1C. Gas
samples (0.2 mL) were injected using a gas-tight syringe
(Hamilton). Quantification of the methane was performe-
dusing a calibration curve prepared with a pure methane
standard (0.714mg mL1, Carbagas, Switzerland) and 5.0%
and 10.0% pure methane mixtures with argon (PanGas,
Switzerland). Acetate was measured by ion-exchange chro-
matography using a step gradient procedure with a weak
eluent on a low-capacity column (Ammann & Ru¨ttimann,
1995). The rates of methane and acetate production were
calculated by analyzing linear parts of the production
curves. ADM of sediments was determined after lyophilizing
sediment slurries, and particle organic carbon (Corg) con-
tent was determined after treatment of absolutely dry (AD)
sediment samples by 0.5 M HCl, as described (Ga¨chter et al.,
1988).
Rates of endogenous methanogenesis
Methane production rates in nonamended slurries were
measured in radiotracer experiments with 14C-labeled
methane precursors acetate and bicarbonate. Radioactive
methane was measured with the liquid scintillation counter
using NaOH solution to trapcarbon dioxide as described
(Zehnder et al., 1979). Aliquots of 12.5 mL of sediment
slurry were transferred to 25 mL serum bottles, closed with
butyl-rubber stoppers, and subsequently flushed with N2 to
a final pressure of 150 kPa (n= 3). The slurries were pre-
incubated at the required temperature (6, 15, 30, and 50 1C)
for a period of 2–4 days, during which methane production
was monitored by GC measurements. When the rate of
methane production became constant, either [2-14C]-acet-
ate (acetic acid sodium salt, Amersham, Rainham, UK) or
NaH14CO3 (sodium bicarbonate, Amersham) was added
to a final activity of 0.532 and 3.5 mCi mL1, respectively.
Samples incubated without 14C-labeled substrates served as
controls; methane production was measured by GC. Just
before addition of labeled substrates, the background level
of acetate was measured by ion-exchange chromatography
(Ammann & Ru¨ttimann, 1995) and was between 5 and
21mM in slurries preincubated at 6 1C and at 50 1C, respec-
tively. The alkalinity was analyzed with the Aquamerktest kit
(Merck, Dietikon, Switzerland) and was 18–19 mM. The
alkalinity and background acetate concentration measured
in control bottles did not change at the end of the experi-
ment. The production of 14C-labeled methane and CO2 was
measured every 1–3 h during the first day of incubation, and
then daily during the next 2–3 days using a TriCarb 1600CA
Scintillation Analyzer (Canberra Packard, Schlieren, CH)
as described previously (Zepp-Falz et al., 1999), but with
minor modifications. Briefly, 1 mL of headspace was re-
moved with a syringe, into which 1 mL of 2 M NaOH was
drawn up. The syringe with the gas–NaOH mixture was
shaken thoroughly to dissolve CO2. Subsequently, the gas
phase was injected into scintillation vials containing a
toluene-based cocktail for the analysis of gaseous samples
(Toluene Scintillator, Canberra Packard), while the liquid
phase was transferred to scintillation vials containing a
cocktail for liquid samples (Emulsifier Scintillator Plus,
Canberra Packard). Isotopic experiments were conducted
in five replicates. Methane formation rates was calculated
from the observed linear increase in the concentration of
labeled methane over time (Kotelnikova & Pedersen, 1998).
The amount of 14CH4 formed (C) were calculated as
D min1 sample1
specific activity of the 14C substrate
where D is the disintegration. The total amount of methane
formed in the radiotracer experiments was calculated as
follows: The substrate concentrations that equaled the sum
of the in situ pool of substrate and the amount of 14C-
labeled substrate added were divided by the 14C-labeled
substrate concentration, giving a coefficient denoted K,
which shows the ratio of unlabeled to labeled substrate.
The incorporation rate (mM methane h1) of labeled carbon
into methane from 2-14C-acetate or from NaH14CO3 was
calculated as
K ðC2  C1Þ
t2  t1
where C1 and C2 are the concentrations of radio-labeled
methane at time-points t1 and t2. The SDs calculated for
replicates and results from different sampling dates were in
the range of 10–25%. The isotope effect of the heavy 14C-
carbon that was lower than 15% was not accounted for. The
total rate of methane production was calculated as a sum of
production from acetate and from bicarbonate, and the
percentage-input from each substrate was calculated from
this sum.
Results
Endogenous methanogenesis in nonamended
sediment slurries
The rates of endogenous methane production of either
aceto- or hydrogenotrophic methanogenesis in nona-
mended sediment slurries of Lake Baldegg enriched at
different temperatures were measured using either 14C-
labeled acetate or 14C-labeled bicarbonate. The resulting
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methane production rates, measured during incubation of
enriched slurries at the corresponding temperatures, were
the highest in thermophilic enrichments and the lowest in
the psychrophilic ones (Table 1). The ratios of the rates of
acetotrophic and hydrogenothrophic methanogenesis dif-
fered considerably in the different slurries. The part of
methane produced from acetate was the highest in psychro-
philic enrichment and the lowest in the thermophilic one. It
ranged from about 95% at 5 1C to o 5% at 50 1C (Table 1).
The injection of H2 into the head space of slurries incubated
at 5 1C immediately increased the rate of methanogenesis
two to three times in the presence of labeled bicarbonate
(data not shown). In experiments with slurries enriched
under thermophilic conditions, an intermediate production
of labeled 14CO2 from
14C-acetate in the beginning of the
experiment was observed (data not shown).
Methanogenesis and acetogenesis in sediment
slurries amended with substrates
Methane and acetate production from H2/CO2 in
fresh sediment slurries in a temperature range of
2–50 1C
The experiment was performed with slurries of fresh sedi-
ment samples that were incubated at eleven temperatures
between 2 and 50 1C. The formation of acetate and methane
from H2/CO2 available in high amounts (440/110 mmol L
1
slurry) by fresh sediment microbial communities was mea-
sured at all temperatures (Fig. 1). Acetogenesis prevailed on
methanogenesis at 15 1C and below during the first month
of incubation, and up to 50 mM acetate accumulated during
this period. Acetate was also formed at a higher temperature,
but it was subsequently consumed and methane was pro-
duced (Fig. 1). At temperatures below 15 1C, the accumu-
lated acetate was not utilized even after 1 year of incubation.
Accumulation of 50 mM acetate led to a slight acidification
(pH 6.0), although the sediment slurries represented well-
buffered systems.
Methane and acetate production from H2/CO2 in
enriched sediment slurries in a temperature range
of 5–70 1C
To study the rates and pathways of methanogenesis from
H2/CO2 in a wide temperature range (5–70 1C), slurries of
sediments were used where psychrophilic (5 1C), psychro-
trophic (15 1C), mesophilic (30 1C), and thermophilic
(50 1C) methanogenic microbial communities had been
enriched previously. Experiments at 70 1C were performed
with slurry enriched at 50 1C. The amount of substrate
added was the same as in the experiment with fresh
sediments (H2:CO2 = 440 : 110 mmol L
1 slurry). BES was
Table 1. The total rates of methanogenesis and rates and inputs derived from labeled acetate and bicarbonate in sediment slurries enriched at different
temperatures
Enrichment and incubation
temperature ( 1C)
Rate of methanogenesis measured
by (mM h1)
Input (%) to total methane
production fromw
GC 14C-bicarbonate 14C-acetate 14C-bicarbonate 14C-acetate
5 0.320.021 0.0150.003 0.35 0.07 2–8 93–99
15 1.150.082 0.160.02 1.22 0.2 8–13 87–96
30 3.750.24 0.950.11 3.2 0.4 22–30 74–86
50 5.800.55 5.650.7 0.03 0.005 92–99 1–6
Data of one experiment with five replicates.
wData of five independent experiments. The sum of hydrogenotrophic plus acetotrophic methanogenesis was assumed to be 100%.
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Fig. 1. Acetate (hatched bars) and methane (filled bars) produced from
H2/CO2 by fresh sediment slurries after 1 month (a) and 2 months (b) of
incubation in a temperature range of 2–50 1C.
FEMS Microbiol Ecol 62 (2007) 336–344 c 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
339Temperature influence on methanogenesis in lake sediment
added to inhibit methanogenesis with the aim to compare
the rates of acetate production from H2/CO2 at different
temperatures. No acetate formation from H2 was detected at
70 1C; only methane was produced. About 5 mM acetate
accumulated at 50 1C during the first 3 days of incubation.
In the next week, acetate concentration decreased to 3 mM,
and later to 1 mM and lower (Fig. 2a). Up to 30 mM acetate
accumulated during the first 5 days of incubation in slurry
enriched under mesophilic conditions. A large part of it
was consumed with equimolar methane production in the
subsequent few days (Fig. 2b). Acetate formed faster than
methane in slurries enriched under psychrophilic and
psychrotrophic conditions, and more than 50 mM of acetate
accumulated. In contrast to the previous experiment with
fresh sediments, slow methane production from acetate
started at 15 1C after about 2 months, and acetate was slowly
consumed during the subsequent 8 months of incubation
until all acetate was consumed (Fig. 2c). Only small amounts
of methane were produced in psychrophilic slurries and
acetate was the predominant product of H2/CO2 consump-
tion at 5 1C (Fig. 2d). During the periods of acetate
accumulation, the rates of acetogenesis at low temperatures
(5–15 1C) were similar with and without BES (Table 2),
whereas the rates at 30 and 50 1C were higher with BES,
indicating a possible methane production from H2/CO2 at
these temperatures. The rates of methane production were
lower than acetate production rates at 5–30 1C and higher at
50 1C (Table 2). Similar results were obtained when metha-
nol was used as a substrate. At low temperatures, acetogen-
esis from methanol prevailed methanogenesis, and only at
50 1C was methane produced without intermediate produc-
tion of acetate (data not shown).
Influence of substrate concentration on
methanogenesis
Influence of H2/CO2 concentration on aceto- and
methanogenesis
Sediment slurries enriched at low temperatures were sup-
plied with different amounts of H2/CO2 as a substrate and
0
10
20
30
40
50
60
70
80
0 10 20 30 40 0 10 20 30 40
Pr
od
uc
ts
 fo
rm
ed
(m
mo
l L
−
1  
sl
ur
ry
)
Pr
od
uc
ts
 fo
rm
ed
(m
mo
l L
−
1  
sl
ur
ry
)
0
10
20
30
40
50
60
70
0
10
20
30
40
50
60
70
80
0
10
20
30
40
50
60
70
0 100 200 300 400 0 100 200 300 400
Time (days) Time (days)
(a) (b)
(c) (d)
Fig. 2. Acetate and methane production from H2/CO2 by sediment slurries enriched and incubated at (a) 50 1C, (b) 30 1C, (c) 15 1C, and 5 1C (d).
(~) methane; (’) acetate in absence of BES; (m) acetate in the presence of BES. BES, 2-bromoethane sulfonate.
Table 2. Rates of acetate and methane production from H2/CO2 before
maximal accumulation of acetate by microbial communities enriched at
different temperatures
Temperature
( 1C)
Rate of acetate production (mM day1)
Rate of methane
production
(mM day1)
With
BES
Without
BES
5 2.0 2.1 0.16
15 3.3 3.25 0.26
20 5.1 5.1 1.1
30 9 6 4.8
50 4 2.2 6.5
BES, 2-bromoethane sulfonate.
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acetate accumulation and consumption followed. Whereas
acetate accumulated in all sediment slurry cultures, it was
only in the culture incubated at 6 1C that acetate accumu-
lated up to 52 mM and where it was not consumed during
the subsequent months (Table 3). The general trend ob-
served was that the lesser the acetate accumulated, the
shorter the period was before methane formation started.
Influence of acetate concentration on the rate of
methanogenesis
The influence of acetate concentrations on methane produc-
tion at different temperatures was examined with enriched
slurries. Sodium acetate was added at eight concentrations
in a range between 1 and 100 mM to slurries preliminarily
enriched at 5, 15, 30, and 50 1C. In the thermophilic
enrichment, acetate was without a lag-phase transformed
to methane within 4–5 days at all initial acetate concentra-
tions. At 30 1C, the initial methane production rates were
somewhat higher at lower acetate concentrations
(1–20 mM). However, acetate was subsequently transformed
into methane at the same rates at all concentrations,
indicating pseudo-zero order kinetics in this concentration
range (Fig. 3a). In psychrotrophic and psychrophilic enrich-
ments, the initial rate of methanogenesis was strongly
influenced by a higher acetate concentration. At acetate
concentrations above 35 and 20 mM, methane production
was inhibited at 15 and 5 1C, respectively, even after 1–3
months of incubation (Fig. 3b and c). Nevertheless, after
these initial phases, methanogenesis proceeded with increas-
ing rates at low temperatures, indicating a slow adaptation
of psychrophilic communities to high acetate concentra-
tions.
Discussion
The results obtained in this work confirmed the influence of
temperature on the pathway of methanogenesis. The per-
centage of hydrogenotrophic methanogenesis was low at low
temperatures and very high under thermophilic conditions.
The increasing importance of hydrogenotrophic methano-
genesis in total methane production with increasing
Table 3. The influence of initial H2/CO2 concentrations on acetate accumulation and consumption with methane formation in slurries enriched at low
temperatures
Temperature ( 1C)
Initial concentration
of H2/CO2
 (mM)
Maximum accumulated
acetate concentration (mM)
Period of acetate accumulation and consumption
Accumulation (days)
Consumption
(lag phase) (months)
6 570/142 52 45 No consumption
260/65 35 30 12 (2.5)
200/50 15 20 4 (1)
15 570/142 46 20 5 (2)
260/65 30 12 3 (1)
200/50 12 8 1 (0)
The concentrations given are nominal concentrations assuming that all H2 and CO2 of the gas phase, present at different partial pressures, would be
dissolved in the aqueous phase.
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Fig. 3. Percentage of amended acetate transformed into methane after different periods of incubation at three different temperatures. (a) 30 1C: (~) 6
days, (’) 18 days, (m) 28 days, () 52 days; (b) 15 1C: (~) 9 days, (’) 28 days, (m) 74 days, () 120 days; (C) 5 1C: (~) 28 days, (’) 74 days, (m)120
days, and () 305 days.
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temperatures has also been reported for slurries of sedi-
ments of Lake Constance (Chin & Conrad, 1995) and Lake
Dagow (Glissmann et al., 2004). The prevalence of aceto-
trophic vs. hydrogenotrophic methanogenesis at low tem-
perature has been described for incubation experiments
with samples from different cold environments. No conver-
sion of H14CO3
 into methane was found with sediment
slurries of Lake Constance at a temperature below 20 1C, and
methane production from 14C-acetate was detected even at
2 1C (Schulz et al., 1997). Peat incubation experiments
conducted at 15 1C have indicated that 84 9% of the
methane was produced from acetate (Avery et al., 1999)
and in rice field soil, the contribution of hydrogenotrophic
methanogenesis has been 13 5% at 10 1C and about 25%
at 15 1C (Fey & Conrad, 2000).
A detailed investigation of the temperature influence on
the methanogenesis pathway and the structure of the
microbial communities with rice field soil in a temperature
range of 10–80 1C has shown that at a low temperature,
acetotrophic prevailed in hydrogenotrophic methanogenesis
and that at 50 1C, methane was produced exclusively from
H2/CO2, while acetate was no longer consumed and accu-
mulated (Fey & Conrad, 2000). The methanogenic commu-
nities in the rice field soil were found to be different at low,
moderate, and high temperatures (Chin et al., 1999). At a
low temperature, Methanosaetaceae was conspicuous, and
under mesophilic conditions Methanosarcinaceae domi-
nated. A dramatic change in the archaeal community
structure has been observed at temperatures above 37 1C,
with the euarchaeotal rice cluster 1 becoming the dominat-
ing group (Fey et al., 2001). Hence, the shift of the
methanogenesis pathway might be a consequence of a shift
in the archaeal community. However, there is still no clear
mechanistic explanation on the prevalence of acetotrophic
methanogenesis at low temperatures (Conrad, 1999).
In excess of H2/CO2, acetate was produced in slurries of
fresh sediment of lake Baldegg during the first month
of incubation at all the temperatures tested, except 50 1C.
During the subsequent months, acetate was converted to
methane at temperature above 15 1C; below this tempera-
ture, acetate was the final product of H2/CO2 consumption.
This threshold of 15–20 1C has been observed before for
low-temperature methanogenic environments like anoxic
paddy soil, sediments of taiga pond, tundra permafrost soil,
and lake sediments (Conrad et al., 1989; Kotsyurbenko et al.,
1993, 1996; Zavarzin et al., 1993; Nozhevnikova et al., 1997).
High acetate concentrations inhibited initial methane
production in sediment slurries up to 30 1C. However, after
different lag-periods high acetate concentrations were also
transformed into methane. A negative effect of high sub-
strate concentration on the stability of methanogenesis has
already been reported for a methanogenic pure culture
(Westermann et al., 1989) and a wastewater treatment
system (Rebac et al., 1995). Because anaerobic treatment of
organic wastes at a low temperature has an interesting
potential as an energy-saving technology, it is crucial to
understand the response of the microbial community to
conditions such as high substrate concentrations. The
critical point in anaerobic reactor performance is an adapta-
tion of the mesophilic microbial community to a low
temperature as well as to high substrate concentrations
(Lettinga et al., 1999). Decrease of the rate of methanogenic
activity due to the decrease of temperature may lead to an
accumulation of volatile fatty acids, particularly acetate,
butyrate, and propionate. Methane production in high
initial acetate concentration sediment slurries after a lag-
phase of several months indicated that the methanogenic
microbial communities have the potential to adapt to these
conditions even at a temperature as low as 5 1C. It would be
interesting to further investigate whether this was due to an
adaptation of acetoclastic methanogens that were already
active in sediments before the experiment, or whether other
acetate-utilizing methanogens started to develop and be-
came predominant. In any case, the results obtained showed
that the performance of the anaerobic community can be
satisfactory even with a high substrate concentration and
intermediate accumulation of volatile fatty acids if slow
adaptation is allowed for.
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